Abstract -A study on nitrogenous and phosphorous waste production in European seabass (Dicentrarchus labrax) was carried out in a flow-through land-based farm. The main objectives were (i) to calculate nitrogenous (N) and phosphorous (P) waste production (particulate and dissolved) from in situ measurements for different rearing ponds with specific fish biomasses, fish sizes and flow rates, (ii) to establish nitrogenous and phosphorous waste production budgets, ratios and equations, and (iii) to compare, for the whole farm, in situ measurements to estimate N and P waste production from waste equations. Waste production was manifest by an increase in concentrations of total ammonia nitrogen, total Kjeldhal nitrogen, particulate nitrogen, dissolved phosphorus and total phosphorus concentrations in the outlet water compared to the inlet water for both batches and whole farm. However, no production of nitrite or nitrate was observed. In our budgets, the N and P amounts from biomass gains and wastes were explained by the N and P derived from feed over the range 83.9-105.2 % and 66.5-104.6 % respectively, depending on the fish batch. Values were respectively 103.4 and 87.5 % for the same calculations in the farm. When the whole-farm waste production was calculated from previous equations derived from batches, and then compared with the measured data, the percentages of recovery (estimated by the ratio predicted data/measured data) were 88 and 94 % for total-N and total-P respectively. 0 Ifremer/Elsevier, Paris 
INTRODUCTION
nitrogenous loss [12] . Faecal losses resulting from Nitrogenous and phosphorous compounds are the unmetabolized food passing through the gut include main waste products of fish farms [I 11 . In teleost fish, nitrogenous and phosphorous compounds in concenammonia and urea are excreted mainly through the trations that depend on the digestibility of the raw gills as end-products of protein catabolism, while material [15] .
phosphate and urea are also excreted by the kidney. Seabass farming is developing fast in MediterraAmmonia usually represents 7.5 to 90 % of the total nean countries, using both sea cages and flow-through land-based systems. Metabolic waste concentrations may reach high levels in tanks, and thereby limit fish survival and growth [18] , as well as harming the environment by discharging the enriched water from tanks. Quantification of fish waste productions is required to monitor such risks and to develop integrated highdensity culture systems using recirculating water. Although many studies have been carried out to evaluate nutrient loading from salmonid farms in fresh and marine waters [4, 9, 10, 141 , no data are yet available for seabass farm effluents. The purpose of the present study is to propose simple ratios and equations for nitrogenous and phosphorous waste production by seabass in relation to both the quantity of ingested feed and the mean weight of the fish. The ratios and equations were obtained by determining N and P inputs and outputs and by establishing N and P mass conservation equations for 4 seabass batches with different mean weights in a land-based brackish-water farm. Furthermore, the waste production of the whole fish farm, calculated from previous equations, is compared with the waste production determined from field data.
MATERIAL AND METHOD
The land-based fish farm was on the French Mediterranean seashore near Perpignan. The total volume of water used for rearing was 3 000 m3 divided among 10 concrete raceways (each 60 x 5 x 1 m), which could be divided by using moving screens, depending on the characteristics of the fish batches. The water, from a large karstic spring, was brackish (5 g-L-'). The pH was stable (7. 3) and the temperature ranged from 16.5 to 18.5 "C during the year. Before use, the pumped water was degassed in a special vacuum device and oxygenated at 125-130 % saturation. The average water renewal rate was 150 %.h-* in the flowthrough farm. Batches of l-g weaned juvenile seabass were delivered all year round by different hatcheries. The annual production of the farm was about 100 t of 350-400 g fish after a 24-26-month rearing period. The average fish stocking density ranged from 25 to 50 kg.mm3. Combined with the high renewal rate of the water, this densitiy reduced the sinking and prevented the stagnation of suspended solids and/or particulate matter in the tanks. At the start of the experiment, 17 different batches of seabass were present in the farm, representing 1 212 1 O3 fish corresponding to a total biomass of 119 t. The number of fish per batch ranged from 6 250 to 296 800 and the mean weight ranged from 4.2 to 365 g.
The fish were fed ECOLINE@ pellets (48 % proteins, 20 % lipids) adapted to the fish size. The daily quantity per batch was calculated from feeding tables on a 15day basis and delivered by self-feeders tilled up at 09:OO h. The feeding conversion ratio (quantity of feed divided by the biomass produced) was 1.8 on a 100-t yearly production basis.
In order to calculate the waste production ratios and equations, 4 batches (A, B, C, D) of seabass at different mean weights (22, 51, 100 and 340 g, respectively) were selected and mass balance equations were established for nitrogen and phosphorus during a sampling period t (3 1, 30, 3 1 and 30 days, respectively) required for a significant growth, as:
Feed, = Fish, + R, where Feed, = total feed supplied during the period t expressed in kg of nitrogen or phosphorus, Fish, = fish production expressed in kg of nitrogen or phosphorus during the period t and R, = waste production expressed in kg of nitrogen or phosphorus during the period t.
The fish production or biomass gain was calculated from the difference between the final biomass (Bf= nfx W$ and the initial biomass (Bi = nix Wi) of a period t where nf and yli were the final and initial number of fish in the batch and Wf and Wi the final and initial mean weights of fish. An estimate of the biomass gain corresponding to the dead fish was added to the previous result. The waste production R, was the sum of particulate matter and dissolved compounds (mineral + organic), in the water volume V passing through the raceway during the period t, as R, = V x (C, -Ci) where C, and Ci were the outlet and inlet concentrations of particulate matter and dissolved compounds and V = F x t, where F was the flow rate and t was time. A mass balance equation was also established for the whole farm during a 61-day sampling period using the same methodology.
Data concerning fish mean weights and numbers (incoming juveniles, batches, mortalities), feed (delivered daily quantity per batch) and flow rate were taken from the files of the farm. Nitrogen and phosphorus of feed, fish, particulate matter and dissolved compounds were determined from aliquots of samples taken using various sampling methodologies described hereunder. In feed meant for each batch of fish, random 50-g samples of pellets were pooled from each 25-kg bag used during the period t. Per batch, 2 kg of fish biomass were sampled randomly on the first day (dl) and last (d30 or d31) day of the period. The inlet water was continuously sampled by gravity during a 24-h period at dl , 8, 15, 2 1 and 30 or 3 1 at the water intake of the farm. For each batch of fish, water samples of 0.5 L, taken every 2 h from the outlet with a peristaltic pump, were pooled over a 24-h period on dl, 8, 15, 2 1, 30 or 3 1, after setting up a special device for homogenizing particles in water at the end of the race-way. This device was made of two vertical and convergent wooden panels driving water through a pipe fitted with a large air bubble diffuser.
In order to establish the N and P mass conservation equations for the whole farm, random feed samples of 50 g from one in every ten bags of the present feed stock in the farm were pooled on the first (dl) and last (d61) day of the period. Each batch of feed delivered Aquat. Living Resour. I 1 (4) (1998) 249 (usually every fortnight) was sampled similarly during the whole period. One hundred g samples of fish biomass were randomly taken for analysis from incoming batches of juveniles, and, for the larger fish, 5 kg of biomass were proportionally randomly taken from the 17 batches on the first (dl) and last (d61) day of the period. Farm inlet water was continuously sampled by gravity during a 24-h period every 7 days during the 61-d period of the experiment, while outlet water was sampled at the same frequency by pooling 2 L of water taken every 2 h using gravity over a 24-h period. Before analysis, the feed samples were ground finely; the samples of fish were frozen, ground finely and freeze dried. The water sample aliquots were filtered through pre-combusted (450 "C for 4 h) GFC Whatman@ 1.2 pm filters, in order to analyse dissolved compounds and particulate nitrogen and phosphorus.
acid, using the calorimetric method 1211. Particulate-P could be obtained by difference subtraction of Total-P and Dissolved-P.
RESULTS
In the feed, fish and the particulate matter, nitrogen (Feed-N, Fish-N and Particulate-N respectively) was determined using a 5as chromatograph carbon/nitrogen analyser Carlo Erba" 1500 [ 131. In water samples, dissolved inorganic nitrogen, total ammonia nitrogen (TA-N), nitrite nitrogen (NO:--N) and nitrate nitrogen (NO;-N) concentrations were determined after filtration by calorimetric methods using an autoanalyser with continuous flow [3, 17, 22, 23] . The total Kjeldahl nitrogen (TK-N) concentrations were determined by Kjeldhal's calorimetric method which measures the sum of nitrogen as both ammonia and organic forms (including urea). TK-N allows the total dissolved organic nitrogen (DO-N) to be calculated as the difference between TK-N and TA-N. Phosphorus analysis was done on filtered (Dissolved-P) and unfiltered (Total-P) water samples, after treatment with sulphuric Table I shows the principle results concerning the different batches of fish, as well as some characteristics of the fish farm. These data allow the calculation of the mass conservation equations for nitrogen and phosphorus. It is to be noticed that the specific growth rates and the food conversion ratios of the selected batches of seabass were in accordance with those regularly observed in the farm. Mortality was low and ranged from 0.13 to 0.57 % over periods of about onemonth, and was 1.04 % over 2 months. The leaching index represents the residence of the water x the stocking density of fish. It shows values ranging from 9 to 31 for the batches, but was 33 for the whole farm. Table II shows the nitrogen and phosphorus concentrations in the components, feed, fish and water, in order to establish the equations of mass conservation. The nitrogen and phosphorus content in feed and fish were expressed in terms of feed and live biomass, respectively. The nitrogen content of feed was similar for different batches and for the whole farm. Some variations appeared in fish between batches. The phosphorus concentrations in the feed were quite similar for the different batches and for the whole farm. The nitrogen and phosphorus concentrations in the feed were respectively 5.3 and 1.8 times higher than those in fish. Particulate nitrogen concentrations were higher in the outlet water than in the inlet water. The same was observed for TA-N and DO-N. For NO:--N and NOi-N, however, concentrations in the outlet water were similar to those in the inlet water. Concerning phosphorus, both Particulate-P and Dissolved-P increased from the inlet to the outlet. It is underlined that the highest concentrations of Particulate-N, Total Dissolved-N, Total-N, Dissolved-P and Total-P were found in those batches or farm effluents with the highest leaching index, respectively 31 for batch C and 33 for the whole farm. Correspondingly, the lowest concentrations of these compounds are shown for batch B, which has the lowest leaching index (i.e. 9). Some chlorophyll-a analyses (extraction with methanol then measurement with a fluorimeter) were performed on raceway effluents. Concentrations were always lower than the detection limit (0.5 pg.L-') of the method, indicating that there was no measurable production of phytoplankton inside the rearing raceways. Table III shows, for both N and P, the feed quantities
The waste productions are summarized in table IV delivered in pellet form (Feed,), the fish biomass gain
The fish mean weight per batch was the mean of the (i.e. fish production) (Fish,) as well as waste producinitial and final weight. The values of N and P waste tion (R,) as particulate + dissolved compounds during production (expressed in g-kg-' of feed delivered) were the sampling period t. For each batch of fish, the ratio similar and not dependent on fish weight in the difof N and P mass conservation was expressed as ferent batches for each of the categories TA-N, Parti-(Fish,+ R,)/Feed, in %, and ranged from 83.9 to culate-N, Total-N, or Total-P. Mean values were calcu-112.1 % and from 66.5 to 104.6 % respectively, showlated except for DO-N, Dissolved-P and Particulate-P, ing rather balanced budgets. The nitrogen and phoswhere data variability was too high. The mean amount phorus part retained by seabass from feed delivered, of wastes was 29.1 g TA-N, 18.1 g DO-N, 7.7 g Partiexpressed by the ratio Fishpeed, in %, ranged from culate-N, 54.9 g Total-N and 5.9 g Total-P for each kg When compared to the Total-N liberated by fish into the water, the percentage of TA-N was not weight dependent and ranged from 38 to 69 % (mean 54 %) for the batches and was 61 % for the whole farm. The percentage of Particulate-N compared to the Total-N ranged from 9 to 17 % (mean 14 %) for the batches and was 12 % for the whole farm. The percentage of DO-N ranged from 14 to 53 % (mean 32 %) of Total-N for the batches and was 27 % for the farm. For phosphorus concentrations in water, the corresponding ratio of Particulate-P to Total-P was not weight-dependent, ranging from 22 to 60 % (mean 42 %) for fish batches and was 27 % for the whole farm. Table ZVshows that the waste production of TA-N, Particulate-N, Total-N and Total-P expressed in mg.kg-' live fish biomass per day, was all inversely related to fish weight. Table V shows the results of simple linear regression analyses. Significant correlations were found between mean weight and the nitrogenous and phosphorous waste production. Four equations were proposed to estimate nitrogen (TA-N, Particulate-N and Total-N) and phosphorus (Total-P) waste productions as functions of mean fish weight. The general form of these equations is exponential, y = a x ebX where y is the waste production and x is mean fish weight. Table Vshows the 
Waste production equations in relation to fish mean weight

Validation of waste production equations
The previous equations for Total-N and Total-P waste production, obtained from the results on batches A, B, C, and D (table V) , were applied to each of the 17 fish batches present in the farm, using specific biomasses and mean weights. Then, by summation, the predicted Total-N and Total-P waste productions of the farm were calculated (respectively 3 266 and 350 kg) and compared to the measured data for the farm shown in table III (3 715 and 374 kg). The percentages of recovery (estimated by the ratio predicted data/measured data) were 88 and 94 % for Total-N and Total-P, respectively.
DISCUSSION AND CONCLUSION
Nitrogenous and phosphorous feed contents (66-72 g N.kg-r and 10-l 1 g P.kg-') were similar to values cited in literature for similar feed: 72-77 g N.kg-' and 12-14 g P-kg-' [8] . For the nitrogenous and phosphorous relative content in seabass, the mean values were 1.38 and 0.62 %, respectively, on a wet fish mass basis, similar to the 2.66 and 0.42 % for N and P content in rainbow trout (Wallin and Hakanson reported in Eikebrokk and Ulgenes [S]). Waste production was manifest by an increase in measured concentrations of TA-N, TK-N, Particulate-N, Total-N, Dissolved-P and Total-P in the outlet water relative to the inlet water both within batches and for the whole farm. However, no production of NO:--N and NO;-N was observed (same concentration in inlet and outlet water). Clearly the residence time of the water in the batches was too short to allow significant nitrification. The NO;-N concentrations, observed in inlet water, close to 1 mg.L-', pointed to the karstic origin of the water.
High variability in Dissolved-P and Particulate-P waste production was found within batches, so no ratios or equations could be established. In batches A and B, production of Particulate-P was higher than Dissolved-P The opposite was found in batches C and D, however, suggesting that a partial dissolution of the particulate matter may have occurred in the ambient water, possibly due to leaching after settlement or to more vigorous agitation of the particles in these two raceways. De visu observation did not reveal peculiar accumulation of solid particles anywhere at the bottom of the tanks. But higher leaching in tanks C and D might be suspected when higher fish stocking density and longer water residence time were considered. In fact, the leaching indexes calculated in table I were 3 1 and 20 for tanks C and D respectively, but only 15 and 9 for tanks A and B. These differences in leaching indexes could also explain the variability of concentrations in N and P compounds, from one outlet to the other, the highest concentrations (for Particulate-N, TA-N, Total Dissolved-N, Total-N, Dissolved-P, Total-P) being observed for the highest leaching indexes.
For similar feed, nitrogen and phosphorus waste production depends on species, mean weight and rearing temperature. The daily Total-N waste production ranged from 582.7 to 307.8 mg N-kg-' fish and daily Total-P waste production ranged from 49.6 to 22.6 mg P.kg-' fish in 25-365 g seabass reared at 17 "C. For example, average values of 160 mg N.kg-' fish per day and 32 g P.kg-' fish per day were calculated in an Atlantic salmon farm producing yearly 240 tons where the biomass was mainly represented by classes of the heaviest fish [8] . These estimates are in accordance with other daily production figures for Atlantic salmon (mean weight = 3.8-4.2 kg, temperature = 4 "C): 120 mg N.kg-' fish and 43 mg P.kg& fish [9] . For arctic charr (mean weight = 50-7 1 g: temperature = 6 "C), the same author found 443 mg N.kg-' fish-d-' and 120 mg P-kg-' fish&', values three times higher than for salmon and which could be explained by the mean weight differences. Very high values were determined in 3 and 40-90 g gilthead seabream [20] with 2 296 and 840 mg N.kg-' fish.d-' respectively at 24 "C, which could be explained by the high metabolism level at this temperature.
In our study, the nitrogenous and phosphorous metabolites produced by the seabass, and expressed in relation with the delivered feed, were not size-dependent. The TA-N production for seabass was 29.1 + 6.2 g N.kg-' feed, and was in accordance with the 30 g N.kg-' feed frequently reported in the literature for trout [5] . In seabass, excretion was estimated to be 54.9 f 4.4 g Total-N.kg-' feed and 5.9 * 0.5 g Total-P.kg-' feed. Some lower ratios were found in Atlantic salmon: 10-40 g N.kg-' feed and 2-5 g P-kg-' feed [4] , 12-20 g N.kg-' feed and 5 g P-kg-' feed in 24 kg fish [91.
In 25 to 325 g seabass, the ammonia excretion represented 30-58 % of the nitrogen intake as shown in this study. Higher values were found by different authors for seabass 56-70 % for 30 g fish [7] . Lower values were also found by other authors: 30 and 38 % in 11 and 132 g fish, fed respectively at 1.49 and 0.5 % per day with an experimental diet containing 8.83 % of nitrogen on a dried matter basis [7] ; and 30-35 % for 75 g seabass, fed 1 % with 44-54 % protein pellets [ 11. In seabream, 35-37 % was found in 3-90 g fish fed at 2-2.2 %&' [20] . In salmonids, ammonia excretion was either (i) lower: 30-33 % in 380 g rainbow trout [2] and 35 % in Atlantic salmon post smolts [lo]; (ii) at the same level: 30-38 % in brown and rainbow trout [6] ; or (iii) higher: 42 % in 150 g rainbow trout fed 0.5 % with 5 1 % protein feed [ 161. In turbot, ammonia excretion was lower: 20 % in 14 to 179 g fish fed at 1.48-0.43 % [7] .
Nitrogen accretion in seabass was calculated in our study as Fish/Feed, in percentage (table ZZZ) and it averaged 14.7 % for batches but only 10.2 % for the whole farm. These values were smaller than those reported from laboratory studies: 49-53 % in the same species, 53-57 % in salmonids, and 64467 % in turbot [7] . Phosphorus accretion was about 40 % for 3 of the 4 studied batches and 27 % for the whole farm. The results on fish batches are higher than those cited in a bibliographic review which concluded that phosphorus accretion was not higher than 30 % (mean value = 20 %) in most fish species [6] . These differences in observed N or P metabolite productions and in N or P accretion with other species could be explained both by the specific metabolism of seabass (where the FCR -feed conversion rate -was 1.8 in seabass farms versus 1.1-1.2 in salmon farms) and by a rearing temperature (17 "C) different from the agreed optimum for this species (24-25 "C).
There are few references to the total N or P budgets in fish farms in the literature, where each term of the equation of mass conservation is determined separately. Most of the time, one term is calculated by difference from the others, as for example the build-up of N or P from the biomass gain. This way of doing things always makes the algebraic sum of the terms of the equation equal to zero and loads all experimental errors on to the calculated term. The reality is different when each term is estimated from experimental and field data and the mass equation is generally unbalanced. In our survey, the N and P quantity found in biomass gain and wastes is explained by the N and P Aqua. Living Resour. I I (4) (I 998) present in feed in a range of 83.9-105.2 % and 66.5-104.6 %, respectively. These values validate the data presented here even if different factors may have contributed to over-or under-estimation as, for example, the low concentrations of N or P sometimes close to the detection limits of the analytical techniques used. Similarly, the proposed equations for waste production (table V) , which predict 88 % of Total-N and 94 % of Total-P production measured for the whole farm, are useful tools to estimate wastes from seabass farms. It should be noted that in our budgets, we did not take into account the loss of nitrogen through the atmospheric pathway. Partly due to the short residence time of the water in the batches, the non-accumulation of organic particles on the bottom, and the hyper-oxygenation of the water (125-l 30 % of saturation), denitrification can be considered as absent. Furthermore, the concentrations of NH, in the water represent less than 1 % of the concentrations of TA-N (pH 7.3; temperature from 16.5 to 18.5 "C). Therefore, NH, diffusion into the atmosphere (if any) may also be considered negligible. Nevertheless, in order to confirm our results on nitrogenous and phosphorous budgets, where seabass is indicated as a poor nitrogen-retainer, further experiments are needed at laboratory scale and at different temperatures.
